Renewable raw materials and recyclable thermoplastic polymers provide attractive eco-friendly quality as well as environmental sustainability to the resulting natural fiber reinforced composites. We studied the possibility of using the recycled polypropylene (PP) for production of composites based on kenaf fibers (KF) and rice hulls (RH) as reinforcements. Polypropylene/rice-hulls (PP/ RH/CA) and polypropylene/kenaf (PP/K/CA) composites with 30% fiber (filler) content and appropriate compatibilizing agent (CA)-a maleic anhydride grafted PP (MAPP), have been prepared by two steps procedure: melt mixing and compression molding. Flexural strength and thermal stability of the composites with recycled PP were similar to those with neat PP. The composites reinforced with kenaf fibers have shown better properties than those based on rice hulls. The flexural strength of the composite sample with recycled PP is 51.3 MPa in comparison with 51.1 MPa for the composite with neat PP. Degradation temperatures of neat and composite with recycled PP at residual weight 90% are 344.4 C and 343.5 C, respectively. The results obtained report the possibility of utilization of recycled PP for the production of natural reinforcements based composites with good mechanical characteristics for using as construction building materials in housing systems.
INTRODUCTION
New and stronger environmental policies have forced some industries to look for new eco-materials that will be able to substitute traditional composites reinforced with glass or carbon fibres [1] . For auto markets, it becomes important to improve recyclability of newly produced vehicles. The European Commision has proposed the European Guideline 2000/53/EG that sets a goal of improving automotive recyclability, 85% by weight of a vehicle being recyclable by 2005 and 95% by 2015 [2] . Natural fibers (NF) reinforced materials offer target environmental advantages such as reduced dependence on non-renewable energy/material sources, lower pollutant and greenhouse emission [3, 4] . Processing of these composites offer easy and cost-effective processes, so the market for eco-composites seems to be promising and realizable for double-digit growth in the near future [5] [6] [7] . Natural lignocellulosic fibers (flax, jute, hemp, etc.) represent an environmentally friendly alternative to conventional reinforcing fibers (glass, carbon) [8] . Depending of their performance, when they are included in the polymer matrix, lignocellulosic fibers can be classified into three categories: (1) wood flour particulates, which increase the tensile and flexural modulus of the composites, (2) fibers of higher aspect ratio that contribute to improving the composites modulus and strength when suitable additives are used to regulate the stress transfer between the matrix and the fibers, and (3) long, natural fibers with the highest efficiency amongst the lignocellulosic reinforcements. The most efficient natural fibers have been considered those that have a high cellulose content coupled with a low microfibril angle, resulting in high filament mechanical properties.
Among eco-compatible polymer composites, special attention has been given to polypropylene composites, due to their added advantage of recycability [9] . As an oil-based product, PP could not be classified as a biodegradable polymer, but by introducing thermosensitive catalysts to increase the degradability, PP takes an important place in eco-composite materials. For example, Mohanty et al. have demonstrated that the NF reinforced PP composites have potential to replace glass-PP composites [10] . It has also been reported that PP can be modified by maleic anhydride, as an effective adhesion promoter [11] . Significant research efforts have been also spent on eco composites based on recyclable polymers with NFs. Curently, PP is used for great number of recyclable eco-composites. Visteon and Technilin developed their own flax/PP material R-Flax 1 , based on a low cost fiber. Taking into account very high specifications from Opel, which include critical safety requirements, R-Flax can be used for interior items (door panels), where its aesthetic qualities can even add to its consumer appeal. Tech-Wood International from the Netherlands announced its TechWood 1 eco-composite, aimed for construction elements [12] . Tech-Wood 1 eco-composite material contains 70% pinewood fibers and 30% compatibilized PP.
Yang et al. have studied the possibility of using lignocellulosic rice-husk flour (RHF) as the reinforcing filler (10-40 wt%) in polyolefine composites [1, 13] . The results of tensile tests performed have shown that tensile strength of the composites slightly decreased as the filler load increased. Applying the method used in the wood-based panel industry, composite insulation boards were produced with rice straw [14] . Composite boards with specific gravity of 0.8 have slightly better bending modulus than wood particle board (as a control board) at a rice straw content of 10 wt%, and show no differences from the control boards at a 20 wt% rice straw level. Toro et al. [15] have studied the compatibilizing effect of polypropylene grafted with monomethyl itaconate (PP-g-MMI) in PP/rice-husk composites. It was shown that in the presence of compatibilizer, the tensile modulus and water absorption of the composite were improved.
The purpose of the work reported in this study was to investigate the properties of PP composites reinforced with kenaf fiber or rice hulls, compounded with recycled PP matrix and a coupling agent by reactive blending, and consequent compression molding. The work is a part of an ECO-PCCM project [16] , in which eco-composites based on polypropylene (PP), poly (L-lactic acid) (PLA) and poly (hydroxybutyrate-co-hydroxyvalerate) (PHBV), reinforced with different natural fibers and fillers, were prepared and investigated in order to create new eco-compatible construction panels and elements for eco-houses. 
EXPERIMENTAL

Compounding of Composite Materials
First, the PP matrix was recycled one and two times (PPx1 and PPx2) by an extrusion procedure using a twinscrew extruder. The obtained recycled polymers were cut into granules to perform the sheets. In the experiments with the recycled polymer, PP was used without any additional additives. The preparation of the composites was preformed by melt mixing, in a Haake Rheocord 9000 batch mixer (New Jersey, USA). First the polymer (PP) and the coupling agent (MAPP) were mixed for 3 min at 185 C; then 30 wt% of fillers/fibers were added and the mixing proceeded for further 10 min at the same temperature. The mixing speed was progressively increased during mixing, up to 64 rpm (3 min with a mixing speed of 8 rpm, then 4 min at 38 rpm and finally 3 min at 64 rpm). Then the composites obtained were cut into granules to perform the sheets. In order to investigate the possibility of utilization of the recycled polypropylene for the production of new eco-composite materials with appropriate mechanical and thermal properties, several composites have been prepared, as shown in Table 1 .
Compression Molding
The samples for mechanical analysis were fabricated by compression moulding. The pellets obtained after each mixing process were put in molding frames (10 Â 10 Â 0.35 cm 3 ) and compression molded at T ¼ 185 C for 10 minutes, with progressively increasing pressure from 50 to 150 Pa. Finally, the press was cooled using a cold water flow. Sheets with a thickness of about 3.5 mm were obtained for further analyses.
Methods
Flexural tests were performed according to ASTM D 638-99 standard on a universal Instron machine (model 4301). The tests were performed at a crosshead speed of 2 mm min À1 , span 48 mm, at room temperature. Each parameter evaluated represents the average of 6 specimens. The obtained composites have been characterized by flexural tests, thermogravimetry (TGA) and scanning electron microscopy (SEM). The flexural testing was performed by using unnotched samples. Each result obtained represents the average of 6 samples.
The thermal stability of the samples was measured using a Perkin Elmer Pyris Diamond TGA instrument. About 10 mg of each sample was heated from 50 to 600 C at a heating rate of 20 C min À1 under nitrogen flow (25 ml min À1 ). Morphological analysis was performed using a JEOL SEM instrument, on cryogenically fractured surfaces of composite samples. Before observation, the specimens were metalized with a gold/palladium coating.
RESULTS AND DISCUSSION Mechanical Analysis
The flexural properties of the recycled PP are shown in Table 2 . The flexural strength of the composites produced from the neat and the recycled PP (PPx1 and PPx2) are similar, although the modulus of PPx1 and PPx2-based composites are higher than for the neat-PPbased composites.
As shown in Figure 1 the flexural strengths for PP are decreased for about 5% with increasing of the number of recycles, but the flexural modulus are increased for about 25%. PP-based composites were prepared by appropriate in situ reactive compatibilization. This preparation strategy includes the addition of a small amount of MAPP (reactive coupling agent) to the composite components. This coupling agent is constituted of PP segments such as the polymer matrix and of maleic anhydride groups grafted onto PP segments, which becomes reactive with respect to hydroxyl and maleic anhydride groups, generated during mixing, are responsible for grafted species formed in situ that can act as an effective compatibilizer for the PP/ natural reinforcement composite.
In order to evaluate the behavior of the composites made with recycled matrices, in terms of their mechanical and thermal properties, the matrices were extruded two times as reported in the experimental section. The flexural properties of the kenaf and rice hulls composites with neat and recycled matrices are summarized in Table 3 . Generally, the kenaf-composites have better mechanical properties than the rice hulls ones, due to the reinforcing effect of the fibers having much a higher aspect ratio.
As shown in Figure 2 , which presents the property retention of the composites based on neat PP, PPx1 and PPx2, the flexural properties for PP recycled-based composites were held close to the flexural properties for composite based on neat PP. Serizawa et al. [17] has studied the recycling properties of PLA/kenaf composite. The physical properties and molecular weight were held close to 90% of that of the initial PLA/kenaf composites. The reason for the decrease in the physical properties was mainly the decline in the molecular weight of PLA and the kenaf fiber's length caused by repeated kneading.
The results for the mechanical properties of ecocomposites based on PP reinforced with different NFs obtained in the framework of ECO-PCCM project [13, 16] are presented in Figure 2 however, flexural strength was reduced for about 20%. Obviously, at higher rice hulls content, the interfacial area between the filler and the polymer also increased, which reduced the interfacial bonding between the rice hulls (hydrophilic) and polypropylene (hydrophobic matrix). For irregular shape reinforcements, the strength of the composites decreases, due to inability of reinforcement to support stress transfer from the polymer matrix [18] . Mechanical behavior of the composites, reinforced with kenaf fibers or rice hulls, produced from the recycled PP, has been improved by using the compatibilizing agent and by increasing its amount from 5% to 10%, as can be seen from Figure 3 .
Since the industrial manufacturing of the composites proceeds mainly in a nonisothermal regime, analysis of the crystallization parameters and crystallization behavior of the polypropylene composites is important from a practical point of view. Generally speaking, for composites based on semicrystalline polymers, the crystallinity is an important factor that determines the stiffness and fracture behavior of the crystallized polymer matrix [19] . The crystallinity depends upon processing parameters, e.g., T c , cooling rate, nucleation density and annealing time [20] . It should be mentioned that, in our previous paper [21] , it was reported that the addition of rice hulls or kenaf fibers to PP resulted in an increased crystallization temperature and accelerated crystallization process, due to the ''nucleating'' effect of the filler [20] . This behavior could advantageously affect the processing of the composites.
TGA Results
TGA curves and derivate thermograms (DTG) for PP neat, PPx1, PPx2 and for kenaf fibers and rice hulls are shown in Figures 4 and 5 . Thermal degradation of PP and PPx1, PPx2 showed a single stage process and occurred at 443.9 C, 432.9 C and 422 C, respectively, and the curves have the same appearance. The weight loss step of PP occurs slowly below 430 C, but the weight loss rate strongly increases after 430 C and the degradation process is completed at 560 C. The thermal stability of the recycled PPx1 and PPx2 are almost without differences but is slightly lower compared to the neat PP. In kenaf fibers and rice hulls composites, two-stage mass loss process was observed. The first stage in the temperature range from 200 C to 300 C is characteristic of low molecular weight components, such as hemicellulose and cellulose and the second one near 350 C corresponds to the thermal degradation of lignin.
The lignocellulosic materials are chemically active and decompose thermochemically between 150 C and 500 C: hemicellulose, mainly between 150 and 350 C, cellulose between 275 and 350 C, and lignin between 250 and 500 C [22] . The rest at about 550 C in the rice hulls, which is determined by TGA, corresponded to the amount of silica. Ash in the rice hulls (12%) is mainly constituted as silica (ca 96 wt%), and the amount and distribution of silica in the rice hulls is likely to be an important factor in determining the properties of the composite products [22] . In PP-recycled based composites, the utilization of the recycled matrix has only slightly affected the thermal degradation temperature (Fig. 6 ). In the case of PP/K composites, a two-stage weight loss process was observed. The first stage, occurring in the temperature range 350-400 C, is correlated with the degradation of low molecular weight components, such as hemicelluloses and cellulose, corresponding to thermal degradation of kenaf. Table 5 . shows a very slight increase of the degradation temperature for PPx1/K composite after recycling of the matrix. In the case of PP/RH composites, PPx1/RH composite shows a decrease of degradation temperature (about 40 C) after the first recycling of the matrix and PPx2/RH composite shows the same degradation temperature as neat compost.
To explain these results, equally probable different phenomena and/or their combination occurring during recycling of the matrices must be taken into account. In fact, either partial degradation of PP occurs, or the extent of the reaction between maleic groups of the compatibilizer and hydroxyl groups of cellulose is increased. In this latter case, a better interfacial adhesion could be obtained as a result of the recycling process of the matrices, and this phenomenon could explain the improvement of the thermal stability and the interesting mechanical response of recycled matrices-based composites [23] [24] [25] . dispersion but also of the filler/matrix adhesion level after applying an external load. For the PP/RH composites, the cellular structure of rice hulls embedded in the polymer matrix can be clearly observed, either for neat or for composites with recycled matrices. No significant differences were observed in the morphology of the composites with recycled matrices, thus indicating that further recycling of matrices does not induce relevant changes in the interfacial adhesion between rice hulls and matrix. These results are in agreement with the slight variations observed in mechanical properties and TGA results recorded for composites with recycled matrices.
Morphological Analysis
In the case of PP/K composites, unless kenaf fibres appear well embedded in the polymer matrix, some voids, evidence of typical debonding phenomena, can be observed as a result of cryogenic fracture, thus indicating a limited level of interfacial adhesion between matrix and fibers, especially for neat composite sample. The morphology of the composite samples seems slightly better for the composite with recycled matrix, for which an enhancement of the adhesion level between fibers and matrix is noted, thus confirming that recycling of the matrix can induce an improvement of compatibilization between matrix and fibers, in agreement with the results obtained through mechanical analysis and TGA.
CONCLUSIONS
Based on the results for the mechanical and thermal properties of PP/kenaf fiber and PP/rice hulls composites, in which recycled PP was used as a matrix, it was shown that it represents an effective material for production of eco-composites. Flexural strength of the composites produced from neat and recycled PP was similar, although a significant increase of flexural modulus was found for the recycled-PP kenaf fiber composites. Thermal stability of the recycled PP based composites is not changed significantly. SEM analyses have revealed that in the recycled PP-based composites, an even better effect of polymer/ fiber interactions is achieved. The obtained results for composite's flexural strength and modulus produced from the recycled PP based composites, both with kenaf fibers or rice hulls, are comparable to the conventional formaldehyde wood medium density fiberboards [17] .
